MATERIALS AND METHODS
Unless otherwise indicated, all chemicals were purchased from Sigma Aldrich or Calbiochem and were of analytical or higher purity grade.
Cells. Primary cultures of neonatal rat cardiomyocytes were prepared using standard methods (Zhang et al, 2010) . Rat H9c2 cardiomyoblasts, HEK293 and U2OS cells were from ATCC. MEFs were prepared from 13.5 day-old embryos of Nox4 -/-and littermate WT mice, and immortalized with SV40 large T antigen.
Transfections. Plasmids were transfected into HEK293 or U2OS cells using
Lipofectamine™ 2000 (Invitrogen) and into MEFs using FuGENE reagent (Promega) or TurboFect (Fisher) in the case of HyPer probes, according to the manufacturer's instructions. Experiments were performed 24 h after transfection. Plasmid sources were: ATF4 (Addgene #24874), GADD34-Flag Mouse MyD116.PFLAG.CMV2
(Addgene # 21834), GADD34 Mouse MyD116.delC.pBABEpu (Addgene # 21835) and pBABE-puro SV40 LT (Addgene # 13970). In some experiments, cardiac cells were transduced with adenovirus expressing Nox4 (Ad.Nox4), β-galactosidase (Ad.βGal), a short hairpin sequence targeted against Nox4 (Ad.shRNA.Nox4) or a short hairpin sequence targeted against GFP as control (Ad.Ctl) at a multiplicity of infection (MOI) of 20, and cells were used 48 h later (Peterson et al, 2009; Zhang et al, 2010) . Short interfering RNAs (siRNAs) were purchased from Qiagen and were transfected using Hyperfect reagent (Qiagen). siRNA sequences were: rat Nox4 F:5`-CCAUUAUCUCAGUAAUCAATT-3`, R:5`-UUGAUUACUGAGAUAAUGGTG-3`; rat ATF4(1): F:5`GCCUAGGUCUCUUAGAUGATT-3`, R: 5`-UCAUCUAAGAGACCUAGGCTT-3`; rat ATF4(2): F:5`GAAGAGGUCCGUAAGGAATT-3`, R: 5`-UUGCCUUACGGACCUCUUCTA-3`.
Nox4 constructs. Nox4 deletion constructs were generated from a pcDNA3.1-full length Nox4-myc plasmid (Anilkumar et al, 2008) by site-directed mutagenesis. The pcDNA3.1-Nox4-TD construct involved deletion of all amino acid residues subsequent to Met358. The pEF-Nox4-CD-Myc construct was generated by inserting a region of the cytosolic domain of pcDNA Nox4 between the NotI and NcoI sites of pEF-NLS-myc (Invitrogen). The cytosolic domain cDNA was generated with the primer pair 5'-GGAATTCCATGGCGGTGTCCTGGAG-3' (incorporating a NotI restriction site) and 5'-GGAATTGCGGCCGCGCTGAAGGAGGATTCTTTAT-3'
(incorporating a NcoI restriction site) using Herculase (Stratagene) (Anilkumar et al, 2013) . The NLS sequence was deleted from the plasmid. The Nox4 P437H mutant was subcloned from the pcDNA3.1-full length Nox4. The Nox4 P437H mutation inhibits NADPH binding and ROS generation in NADPH oxidases (Dinauer et al, 1989; Debeurme et al, 2010) . All constructs were verified by sequencing.
Confocal microscopy. Cells were grown on 12 mm round coverslips and fixed in 3%
formaldehyde/PBS pH7.4 containing 0.025% glutaraldehyde. Cells were permeabilized with 0.1% Triton for 3 min and incubated with primary antibodies:
rabbit anti-Nox4 (1:250, Anilkumar et al, 2008) ; mouse anti-KDEL (1:500, Enzo Life Sciences); mouse anti-FLAG (1:500, Sigma Aldrich); rabbit anti-Myc (1:500, Santa Cruz); rabbit anti-GADD34 (1:500, Santa Cruz); mouse anti-GADD34 (1:500, Novus Biological); and mouse anti-PDI (1:500, Enzo Life Sciences). Secondary antibodies were goat anti-mouse Alexa 568 (1:500, ThermoFisher) and goat anti-rat Alexa 488
(1:500, ThermoFisher). Cells were mounted in Mowiol, and imaging was performed using a 100x 1.49 NA objective on a Nikon Ti-Eclipse microscope equipped with a Yokagawa CSU-X1-M2 spinning disk unit, and an Andor Neo sCMOS camera.
Coherent lasers (405, 488, 561nm) were coupled to the CSU-X1 with optical fibers.
The dichroic mirror in the spinning-disk unit was a Di01-T405/488/568/647 from Semrock Inc. A Sutter instruments filter wheel with Chroma emission filters was used.
Typically, a Z-stack of 11 steps over 3.0 micron was acquired and the maximum projection image was used for display and comparison of expression levels. The same acquisition and image contrast settings were used for control and treated cells.
3D Structural Illumination microscopy (SIM) was performed on a NIKON SIM
system equipped with a 100 x 1.49 NA PlanApo oil immersion objective, an Andor EMCCD camera, and 488 and 567 nm diode lasers. Structured illumination image stacks were acquired with a z-distance of 100 nm and with 15 raw images per plane, 5 phases, 3 angles. The structured illumination raw data were computationally reconstructed using the SIM-module in the NIS Elements software (NIKON). Images displayed are reconstructions of one z plane.
Real time-RT PCR. Total RNA was prepared using an RNAase kit (Qiagen), and mRNA expression levels were quantified using specific primers as listed in Table S2 .
Quantitative real time PCR was performed with SybrGreen on an Eppendorf PCR thermal cycler. Unless specified, β-actin was used for normalization. The relative fold change was calculated based on the Ct method. Immunoblotting. Cells were lysed in lysis buffer (composition: 10 mM HEPES pH 7.9, 50 mM NaCl, 0.5 M sucrose, 0.1 mM EDTA, 0.5% Triton X-100) containing phosphatase inhibitors (10 mM tetrasodium pyrophosphate, 100 mM NaF, 17 mM β-glycerophosphate, 1 mM sodium orthovanadate), a protease inhibitor cocktail (Sigma, #P8340) and a proteasome inhibitor (2 µg/ml Mg132). To quantify phosphorylated proteins, media were removed and lysis buffer containing inhibitors was immediately added to protect phosphorylation sites. Nuclear proteins were extracted as previously described (Zhang et al, 2010) . For caspase immunoblots, cells were harvested in culture medium, centrifuged at 2,800 g for 5 min, and the pellet resuspended in lysis buffer. Protein content was estimated by a Bradford
Chromatin immunoprecipitation assay (ChIP
Assay. Equal amounts of lysates or protein extracts were loaded onto SDSpolyacrylamide gels, and then transferred to nitrocellulose membranes. After blocking the membranes with Tris-buffered saline and 0.05% Tween 20 (TBST) containing 5%
non-fat milk, the membranes were incubated overnight with primary antibodies at 4 o C. After incubating with horseradish peroxidase (HRP)-linked secondary antibodies, the blots were revealed by chemiluminescence. Antibodies used were:
Nox4 (rabbit polyclonal,1:4,000) (Anilkumar et al, 2008) ; KDEL (Grp78 and Grp96)
(1:10,000, Stressgene); phospho-eIF2α (1:4,000, Millipore); total eIF2α (1:2,000, Santa Cruz); phospho-Histone H3 (S10) (1:2,000, Millipore); total Histone H3
(1:2,000, Cell Signaling); phospho-PERK (1:2,000, Santa Cruz); total PERK (1:2,000, Santa Cruz); ATF4 (1:2,000, Santa Cruz); PP1 (1:2,000, Santa Cruz); rabbit GADD34
(1:2,000, Santa Cruz); mouse GADD34 (1:2,000, Novus Biological); phosphoglycogen synthase (Ser 641) (1:2,000, Cell Signaling); total glycogen synthase (1:2,000, Cell Signaling); PARP (1:2,000, Cell Signaling); caspase-3 (1:2,000, Cell Signaling); caspase-12 (1:2,000, Sigma Aldrich); ATF6 (1:2,000, Sigma Aldrich); FLAG (1:2,000, Sigma Aldrich); Myc (1:2,000, Santa Cruz); Calnexin (1:10,000, Sigma Aldrich); β-actin (1:2,000, Sigma Aldrich); tubulin (1:10,000, Sigma Aldrich);
and GAPDH (1:10,000, Sigma Aldrich). Secondary antibodies used were: goat antirabbit-HRP (1:2,000, Sigma Aldrich), and goat anti-mouse-HRP (1:2,000, Sigma Aldrich). Densitometric analysis was performed using Image J software (NIH, USA). Samples were heated at 95 °C for 5 min. After cooling, reducing agent was added, samples were run on SDS-polyacrylamide gels, and then blotted onto nitrocellulose.
For co-immunoprecipitation with cMyc-tagged Nox4-constructs, IP was performed using an anti-cMyc immunoprecipitation kit (Sigma, IP 0020-IKT).
Measurement of ROS.
Nox activity (NADPH-stimulated ROS generation) was measured in membrane fractions preapared as described above, using HPLC-based detection of the oxidation products of dihydroethidium (DHE, Invitrogen), i.e. 2-hydroxyethidine (EOH) and ethidium (E), as previously described (Fernandes et al, 2007; Laurindo et al, 2008) . 20 µg of membrane protein was incubated with DHE ( expression and purification was carried out essentially as described (Barford and Keller, 1994; Egloff et al, 1995) . Transformed E.coli DH5 cells were grown in LuriaBertani (LB) medium supplemented with 2 mM MnCl 2 and 100 μg.ml −1 ampicillin at 30 °C until OD600 reached approximately 0.25. Protein expression was induced with 0.5 mM IPTG. Cells were harvested by centrifugation at 5000 g for 15 min at 4 °C and resuspended in buffer A (50 mM imidazole, 0.5 mM EDTA, 0.5 mM EGTA, 100 mM NaCl, 10% glycerol, 2 mM -mercaptoethanol, 2 mM MnCl 2 , pH 7.5) supplemented with Complete EDTA-free protease inhibitor cocktail (Roche), lysozyme (0.01 mg/ml) and DNAse (0.05 mg/ml). Cell lysis was accomplished by sonication or using a cell disruptor (Constant Systems Ltd). Insoluble material was sedimented by centrifugation at 19500 g for 1 h at 4 °C and the supernatant filtered using 0.22 μm prior to loading on a 5 mL heparin column equilibrated with buffer A.
PP1 was eluted using a 100 ml gradient to 50% buffer A supplemented with 1M
NaCl. Fractions were analysed on a 12% SDS-PAGE gel and those containing PP1
were pooled and diluted 10-fold with buffer C (50 mM imidazole, 0.5 mM EDTA, 0.5 mM EGTA, 10% glycerol, 5 mM -mercaptoethanol, 2 mM MnCl 2 , pH 7.2) for injection in a HiTrapQ HP (GE Healhcare) column. PP1 was eluted using a gradient to 40% buffer C supplemented with 1M NaCl. PP1 was further purified by sizeexclusion chromatography (SEC) using a Superdex 75 16/60 (GE Healthcare) column equilibrated with SEC buffer (50 mM imidazole, 0.5 mM EDTA, 0.5 mM EGTA, 300 mM NaCl, 10% glycerol, 5 mM -mercaptoethanol, 2 mM MnCl 2 , pH 7.5) for downstream applications. PP1 mutations (PP1 N124D and PP1 D64N) were introduced using the Q5  Site-Directed Mutagenesis Kit (New England Biolabs). All constructs were verified by sequencing. Expression and purification of PP1 variants were carried out as for wild-type PP1.
Crystal Preparation, data collection and structure solution. PP1 at 4.5 mg/ml in SEC buffer was used to set up crystallization drops using the vapor diffusion method at 18 °C. Crystals belonging to the space group P2 1 grew either in 20% PEG2000 MME, 200 mM NaCl, 0. Table S3 . For assessment of cellular phosphatase activity, cell membrane extracts (Hubbard et al, 1990) were incubated with phosphopeptide substrate (0.1 mM) in the presence or absence of okadaic acid (10 nM), which does not inhibit PP1 at this concentration (Ishihara et al, 1989) , and then phosphatase activity was estimated as described above. For each sample, incubation without the phosphopeptide substrate was used as a blank. PP1 activity was taken as the okadaic acid-resistant fraction and was normalized by protein content. Calyculin A (60 nM) (which inhibits both PP1
and PP2a) (Ishihara et al, 1989 ) was used as a control to confirm total PP activity. In some experiments, ascorbate (0.5 mM) was added to cells for 30 min before cell lysis.
Electron paramagnetic resonance spectroscopy (EPR). EPR was used to
measure ascorbyl radical generation and to assess the PP1 metal redox status. For ascorbyl detection, EPR spectra were recorded at room temperature in a Magnatech
Miniscope MS2000 spectrometer. The instrument conditions were: microwave power 50 mW, modulation amplitude 1 Gauss (G), scan time 328 ms, with a gain of 9 × 10 2 .
All spectra were the accumulation of 4 scans and were recorded 5 min after addition of H 2 O 2 . EPR instrument conditions were calibrated with 4-hydroxy-2, 2, 6, 6-tetramethyl-1-piperidinyloxy (Tempol). The reaction was carried out in 0.1 mM Tris buffer at pH 7.0 and 37 o C under the different conditions described in Figure legends, and was transferred to a 50 µl flat cell immediately after the addition of ascorbate.
The two line spectrum was consistent with an ascorbyl radical with a hyperfine splitting constant (a H = 1.8G) (Monteiro et al, 2007) , as generated using the positive control ascorbate and H 2 O 2 .
EPR at low temperature is a method to detect chemical species with unpaired electrons and is used for studies of transitional metal ion complexes in proteins (Cammack and Cooper, 1993; Ubbink et al, 2002) . We used a Bruker EMX 300 spectrometer with a 3mm cavity and a helium cooling system. Purified PP1 (5 mg/ml) was studied at baseline and after treatment with H 2 O 2 (1 mM) in TrisHCl buffer pH 7.2 at 37 o C. The reaction mixture was transferred to a flat cell and frozen in liquid nitrogen. Spectrometer conditions were: temperature, 4 K; microwave frequency, 9.66 GHz; modulation amplitude, 2 G at 100 kHz; microwave power, 20mW.
Cell viability. Cells were plated in 24-well plates at 70% confluence and Nox4 levels were manipulated as described in the Figure legends. Cells were then exposed to tunicamycin (2 µg/ml), guanabenz or clonidine (both dissolved in PBS), or salubrinal (dissolved in DMSO) at the indicated concentrations. A DMSO-alone group was employed as a vehicle control. Cell viability was assessed by measuring the reduction of yellow MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) into purple formazan. Briefly, MTT solution (1.25 mg/ml dissolved in PBS) was sonicated and added. After 2 h, the medium was gently removed and MTT solvent solution (isopropyl alcohol containing 0.1% NP40 and 4 mM HCl) was added.
After mixing for 30 min at room temperature in the dark, the absorbance was measured at 550 nm using a Nanodrop 2000 spectrophotometer (Thermoscientific).
Animal studies. All procedures were performed in compliance with the UK Home
Office 'Guidance on the Operation of the Animals' (Scientific Procedures) Act, 1986 and institutional guidelines. Nox4 -/-mice on a C57BL6 background were described previously (Zhang et al, 2010) . We used 8-12 week old male Nox4 -/-mice and matched WT littermates. Animals were maintained in a registered Biological Services Facility under approved husbandry conditions and standardized light/dark cycles.
Heart I/R injury was assessed in ex-vivo hearts perfused on a Langendorff system with a modified Krebs-Henseleit (KH) buffer containing 10 mM glucose and 0.4 mM octanoate. A constant perfusion pressure of 70 mmHg was used at 37 o C.
After 20 min equilibration, global ischemia was initiated for 25 min and the hearts were then reperfused for 100 min. Hearts were weighed, frozen and cut into 1 mm thick slices. Viable tissue was stained red with 1% 2,3,5-triphenyl-tetrazolium chloride (TTC) in phosphate buffer; sections were then immersed in formalin and scanned.
The infarcted area was calculated as a proportion of the total left ventricular area using Image J Software. For immunobloting studies, hearts were reperfused for 30 min following ischemia and snap frozen for subsequent analyses. Some animals were injected with guanabenz (1.8 mg/kg body weight) 24 h prior to heart perfusion.
The hearts of these animals were perfused with modified KH buffer containing 0.5 µM guanabenz.
To induce ER stress-related AKI, animals were treated with tunicamycin (3 mg/kg/day i.p. for two days) (Zinszner et al, 1998) . Some animals were pre-treated with guanabenz (1.8 mg/kg ip). After sacrifice, serum was collected and the plasma urea concentration was measured using a commercial Kit (Bioassay Systems).
Kidneys were harvested for immunoblotting or were fixed and paraffin-embedded to assess apoptosis using TUNEL staining (Millipore S7110 Kit). antibody or with non-specific rabbit IgG, as indicated. Purified DNA was analyzed using primers specific for the rat Nox4 promoter comprising the putative ATF4 binding sites (see schematic).
Statistics
All data are mean ± SEM of 3 experiments/group apart from ATF6 protein levels in panel A which were n=4/group. *, significant compared to baseline. #, significant comparing siNox4, Ad.Nox4 or siATF4 versus corresponding controls. Values above bar graphs denote the level of significance. To evaluate whether a correlation exists between the change in metal-ligand coordination distance defined as
reduced determined by theoretical and X-ray experimental methods we plotted  X-ray against  theory for each of the twelve (M-L) distances. A perfect correlation would result in a straight line of unitary slope. Errors for  X-ray are calculated as
(1/2) . The plot is shown in Fig. S5f .
There is a good correlation between theory and experiment with 75% of the  values (black circles) lying on the diagonal within error whilst three values (red circles) can be considered outliers. The availability of X-ray data at higher resolution and the use of a more complex description of protein restraints in the theoretical calculations might improve the agreement even further. The correlation is statistically significant and quantified by a Spearman  coefficient of 0.706 for all twelve  values with a two-tailed p-value of 0.0124.
The plot shows that most points lie on the lower-left quadrant. This implies a contraction of the average (M-L) distance upon metal oxidation. We tested whether the contraction of the average (M-L) distance observed experimentally is statistically significant. A Wilcoxon matched-pairs signed rank test gives a one-tailed p-value of 0.023 indicating statistical significance (p<0.05). 
